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Ion Permeation and Selectivity in a Voltage Gated Sodium Channel
Ben Corry, Michael Thomas.
University of Western Australia, Perth, Australia.
Ion channels regulate electrical signalling in cells by opening and closing selec-
tive pores across the membrane in response to stimuli. In order to carry out their
function, such channels must be able to rapidly transport ions at the same time
as effectively discriminating between different ion types so that the correct sig-
nal can be passed without destroying the electrochemical gradients across the
membrane. Investigations into how ions permeate through membrane channels
have been focussed onKþ selective channels due to the availability of a number
of high resolution crystal structures. The recent publication of the first high res-
olution crystal structure of a voltage gated sodium channel, 1 however, opens
the door to understanding how sodium ions permeate into the cell and how Naþ
can be transported while blocking the passage of Kþ.
Using molecular dynamics simulations and free energy calculations we are able
to demonstrate the loosely coupled multi-ion knock-on basis of ion permeation
through the channel and identify the major binding sites for ions. The nature of
these binding sites, the degree of coupled motion and the ability of ions to pass
through the channel with the majority of their hydration shell is very different
to the situation in potassium channels. Selectivity arises due to the inability of
Kþ to fit between a plane of glutamate residues with the preferred solvation
geometry that involves water molecules bridging between the ion and carbox-
ylate groups.
1. J Payandeh, T Scheuer, N Zheng & WA Catterall, Nature, 475, 353-358
(2011).
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Current and Selectivity in a Model Sodium Channel under Physiological
Conditions
Dirk Gillespie1, Dezso Boda2, Tamas Kristof2.
1Rush University Medical Center, Chicago, IL, USA, 2University of
Pannonia, Veszprem, Hungary.
A reduced model of a sodium channel is analyzed using Dynamic Monte Carlo
simulations. These include the first simulations of ionic current under approx-
imately physiological conditions through a model sodium channel and an anal-
ysis of how mutations of the sodium channel’s DEKA selectivity filter motif
transform the channel from being Naþ selective to being Ca2þ selective.
Even though the model of the pore, amino acids, and permeant ions is simpli-
fied, the model reproduces the fundamental properties of a sodium channel
(e.g., 10 to 1 Naþ over Kþ selectivity, Ca2þ exclusion, and Ca2þ selectivity
after several point mutations). In this model pore, ions move through the pore
one at a time by simple diffusion and Naþ versus Kþ selectivity is due to both
the larger Kþ not fitting well into the selectivity filter that is crowded with
amino acid terminal groups and Kþ moving more slowly (compared to
Naþ) when it is in the selectivity filter.
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The Selectivity Filter of Voltage Gated Proton Channels is an Aspartate in
the S1 Transmembrane Domain
Thomas E. DeCoursey1, Deri Morgan1, Boris Musset1, Vladimir V. Cherny1,
Sindhu Rajan2, Allen R. Place3, J. Woodland Hastings4, Susan M.E. Smith5.
1Rush University, Chicago, IL, USA, 2University of Chicago, Chicago,
IL, USA, 3University of Maryland Center of Environmental Science,
Baltimore, MD, USA, 4Harvard University, Cambridge, MA, USA,
5Emory University, Atlanta, GA, USA.
Voltage gated proton channels (HV1) are the most selective channels known,
with no detectable permeability to any ion besides Hþ. Two classes of proton
selectivity mechanisms have been proposed: (a) frozen water wires, and (b) a ti-
tratable residue in the permeation pathway. We have identified the selectivity
filters of proton channels in two evolutionarily distant species, Karlodinium
veneficum (a dinoflagellate) and Homo sapiens. In both, selectivity is imparted
by the presence of an aspartate residue in the middle of the S1 transmembrane
domain: Asp112 in human hHV1and Asp
51 in Karlodinium kHV1. Neutralizing
mutations of this key Asp residue result in loss of proton specificity. Among
mutants tested, only Glu replacement of the critical Asp retained selectivity.
To our complete surprise, mutant channels were anion selective in both species.
Astonishingly, His at this key location also compromised proton specific con-
duction - His mutants in both species were permeable to Cl-. Given the strong
similarity of hHV1 and the VSD (voltage-sensing domain) of voltage gated K
þ
and Naþ channels, we expected that a His residue located at the constriction of
the channel would promote proton conduction. This expectation was based
largely on the elegant studies of Starace and Bezanilla (2001, J. Gen. Physiol.
117:469-490; 2004, Nature. 427:548-553) who showed that Arg/His replace-
ment in S4 of the Shaker Kþ channel VSD results in proton conduction.Evidently, proton specific conduction in voltage gated proton channels requires
an acidic group at the selectivity filter. That the same phenomenology (Asp or
Glu are required, other mutants including His are anion permeable) occurred in
such disparate species as dinoflagellate and human (only 15% identity in
a global, pair-wise alignment) suggests that these features reflect universal
properties of the proton selectivity mechanism.
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Structural and Functional Characterization of a Bacterial KD
Transporter
Yaping Pan, Hua Huang, Yu Cao, Xiangshu Jin, Matthias Quick,Ming Zhou.
Columbia University, New York, NY, USA.
Maintaining a high Kþ concentration in the cytoplasm is essential for physio-
logical functions of all cells. In bacteria, fungi, and plants, Kþ uptake is medi-
ated mainly by members of a superfamily of Kþ transporters (SKT), which are
distantly related to Kþ channels. We have initiated a study on structure and
function of a two-component bacterial Kþ uptake system, which is composed
of an integral membrane protein TrkH, and an associated cytosolic protein
TrkA. TrkH, along with its orthologs TrkG and KtrB, constitutes the largest
subfamily of SKT proteins. The structure of TrkH has been solved recently,
which reveals an architecture similar to a Kþ channel but with a much shorter
selectivity filter and an intramembrane loop that blocks the ion permeation
pathway. We have reconstituted the purified TrkH or TrkH-TrkA complex
into liposomes, and developed functional assays to examine hypotheses on
mechanisms Kþ selectivity and transport.
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SMD Simulations of a KD Ion in the KcsA Channel
Darko Stefanovski1,2, Robert A. Farley2.
1Cedars-Sinai Medical Canter, Los Angeles, CA, USA, 2University of
Southern California, Los Angeles, CA, USA.
Ample evidence indicates that carbonyl groups on amino acids in the selectivity
filter are responsible for Kþ selectivity by the KcsA potassium channel, al-
though the mechanism of Kþ selectivity is incompletely understood. Here we
present results of steered molecular dynamics (SMD) simulations of ion move-
ment through the length of the KcsA channel. Our goal was to determine
whether peaks in potential mean of force (PMF) within the selectivity filter,
which would indicate strong coordination of the Kþ, could be identified by
SMD. One Kþ ion was placed in position S1 of a KcsA tetramer that had
been inserted in a POPC bilayer and solvated in water, and the system was min-
imized and equilibrated. A 5 ns simulation was initiated with a force of 1 kcal/
mol/A˚2 for a fictitious spring and atom that drags the Kþ though the channel
with a speed of 10 A˚/ns. As the ion was moved from the central water-filled
cavity in the channel through the selectivity filter, four regions of very rapid
step-wise change in PMF were found in the channel. Each relative peak and
subsequent rapid drop in PMF corresponds to a region in the selectivity filter
that has been identified as a site for ion binding (S1, S2, S3 and S4). Another
region of very rapid change in the PMF was found in a region corresponding
to a ring of 4 amino acids (THR 107) where the channel is constricted to its
smallest radius of about 2.5 A˚. This region of the protein is relatively rigid.
The PMF profile of different monovalent cations and the effect of amino
acid substitutions near the constricted region of the channel on the selectivity
of KcsA are the subject of ongoing investigations.
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Measurements of Solute Polarizabilities Affecting Lipid Membrane
Interactions
Ryan Z. Lybarger1, Johnnie W. Wright1, Luis A. Palacio1,
Krzysztof Szymanski2, Horia I. Petrache1.
1Indiana University Purdue University Indianapolis, Indianapolis, IN, USA,
2University of Bialystok, Bialystok, Poland.
The van der Waals attraction between lipid membranes depends on the polar-
izability of solute molecules present in the aqueous space between neighboring
membranes [1]. In particular, zwitterionic molecules (such as common pH
buffers) have been shown to affect van der Waals forces more strongly than
monovalent salt ions [2]. Experimentally, changes in van der Waals forces
are detected by x-ray scattering measurements of multilamellar lipid vesicles
through the sensitivity of lamellar repeat distances to solution polarizabilities.
In this respect, a direct determination of solute polarizabilities would lend sup-
port to the interpretation of x-ray data. Here we use a recently developed
method [3] to quantify the polarizabilities of zwitterionic pH buffers including
MES, MOPS, and HEPES. This method calculates a solution function r(c)
which gives the polarizability of hydrated solutes as a function of concentration
(c) by combining mass density and index of refraction measurements into a di-
mensionless quantity. We obtain that the zwitterionic molecules considered are
significantly more polarizable than NaCl used as reference. These results are in
Monday, February 27, 2012 335aagreement with x-ray measurements of lipid membrane interactions in the pres-
ence of buffers and monovalent salt solutions. [1] Parsegian V. A., Van der
Waals Forces, Cambridge University Press, 2006, [2] Koerner et al., Biophys.
J. 101, 2011, [3] Szymanski and Petrache, J. Chem. Phys. 143, 2011.
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Origins of Non-Selective Ion Transport across Lipid Bilayers
Igor Vorobyov1, Roger Koeppe, II,2, Olaf S. Andersen3, Toby W. Allen1,4.
1Department of Chemistry, University of California, Davis, CA, USA,
2Department of Chemistry, University of Arkansas, Fayetteville, AR, USA,
3Department of Physiology and Biophysics, Weill Medical College of
Cornell University, New York, NY, USA, 4School of Applied Sciences,
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The theoretical description of charge transport across biological membranes
has remained largely unchanged since the 1960’s. However, it is widely ac-
cepted that the barriers for unassisted ion permeation via a solubility-
diffusion mechanism are too high, and too selective to explain experimental ob-
servations, leading to a favoring of a non-selective transient pore process. We
demonstrate that an ion-induced defect mechanism, intermediate between these
two processes, can yield reduced free energy barriers with little influence of hy-
dration free energy or the membrane dipole potential. We report experimental
and computational data for a range of alkali metal, halide and charged amino
acid analog molecules. Our simulations reveal that membrane perturbations
are central in explaining the shape and magnitude of the free energy barriers,
the similarity for ions of different size, charge and chemistry, and for obtaining
fluxes consistent with experiment. We will discuss results that suggest a transi-
tion from ion-induced defect to the solubility-diffusion mechanism in thicker
bilayers, and for larger hydrophobic ions and ionophores. We explore the de-
formable membrane description to predict a greater common energetics for
a range of ions, poly-ions and zwitterions and discuss the consequences for
membrane interactions with charged peptides and proteins, and the roles of
lipid components in membrane ion transport.
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Ion Hydration Stripping Kinetics Support Thyrofluidic Ion Channel
Gating
James P. Barger, Patrick F. Dillon.
Michigan State University, East Lansing, MI, USA.
The thyrofluidic model of ion channel entry gating has the membrane electric
field at the ion channel pore entrance responsible for stripping ion hydration
shells, selectively admitting ions into the pore for transport. Capillary electro-
phoresis studies have shown that full hydration stripping occurs at field
strengths corresponding to distances of 6.5 to 8 nanometers from a membrane.
This work considers the rate at which hydration stripping occurs relative to the
rate of ion migration near the membrane.
The free energy barrier for one water molecule to escape the first (inner) hydra-
tion shell of a Naþ ion has been calculated to be 9.5 kJ/mole, equivalent to
a field strength of 118.75 V/cm. Mean lifetime of attachment of one water mol-
ecule bound to a Naþ ion has been calculated to be 5 ps. A linear model of the
energy and time to strip 5 of the 6 water molecules from the first shell yields
47.5 kJ/mol (594 V/cm) and 25 ps. Modeling single molecule dissociation to
have exponential decay yields 101.7 kJ/mol (1,270 V/cm) and 197 ps. Electric
field dependent ion velocity changes occur between 200 and 600 V/cm, consis-
tent with the linear model.
The Einstein-Smoluchowski equation shows ions with radius 0.1 nm diffuse at
3.2 nm/ns. As a result, Naþ will diffuse 0.08 nm (linear) or 0.63 nm (exponen-
tial) after reaching a field of 594 or 1,270 V/cm, respectively, for complete hy-
dration stripping, the latter occurring 7 nm from the membrane. To date, all
known kosmotropic ion channel pore entrances sit within 2 nm of the mem-
brane. Thus, the membrane electric field will strip the hydration shells from
Naþ long before the ion can reach the pore entrance. As such, electric field hy-
dration stripping kinetics are compatible with thyrofluidic channel gating.
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Hydrophobization of Glass Pipettes for use in Tip-Dip Experiments
Ivan Ortega Blake, Arturo Galvan-Hernandez, Javier Iniguez-Stahl.
Universidad Nacional Auto´noma de Me´xico, Cuernavaca, Mexico.
Tid-dip electrophysiological experiments are used to study single-channel re-
cordings and channel kinetics. Although an effective technique, tip-dip, there
is an argument that ion flow could be due not only to ion channels on the mem-
brane but also to transport through the glass-lipid interface, and even through
the very thin glass tip. Another problem with this technique arises from the dif-
ficulty to obtain seals with large resistance that are stable and last for long pe-
riods of time. In this study we present an experimental protocol which has the
purpose of reducing the above described problems. Borosilicate glass pipettes
are coated with poly(dimethylsiloxane)(PDMS) for various periods of time.PDMS is absorbed on the surface of the glass and later on, via a chemical re-
action, coats the surface, rendering it hydrophobic. This hydrophobic surfaces
yield better seals in tip-dip electrophysiological experiments. Here we compare
seals made with and without the PDMS treatment and discuss their differences.
We also considered the effect that variables in the protocol, such as time of ex-
posure to PDMS or temperature of treatment, have on the hydrophobization
process. Hence we present an experimental protocol of pipette hydrophobiza-
tion that improves seal resistance in tip-dip electrophysiological experiments
decreasing the problems faced by this technique.
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La3D Ions
Marı´a Queralt Martı´n, Carmina Verdia´ Ba´guena, Vicente M. Aguilella,
Antonio Alcaraz.
Laboratory of Molecular Biophysics, Department of Physics,
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The effect of lanthanum, a high-valence rare-earth metal, known as blocker and
modulator of Ca2þ , Kþ , TRP and other channels, has been studied in a large,
weakly selective biological pore, the bacterial porin OmpF. We show that mil-
limolar concentrations of lanthanum chloride have a dramatic impact on OmpF
conductance and selectivity when this channel is reconstituted into planar lipid
bilayers. Lanthanum arises as a modulator of ion flow through OmpF channel,
reducing the conductance for positive but not for negative applied voltages,
thus inducing ion current rectification. In addition, small amounts of LaCl3
change the selectivity of the pore from highly cationic to almost non-
selective and even reverse it, turning OmpF into an anion-selective pore. The
conductance inhibition for positive voltages is reversible and it is observed
only when LaCl3 is added on the same side of the protein addition. We also
found that the channel rectification properties can be easily modulated by reg-
ulating the pH of the bathing solutions and that in high acidity solutions the cur-
rent rectification can be totally cancelled.
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Biophysics of Polynucleotide Interactions with OmpF Nanopore Forming
Protein, Possible Tool for DNA Sequencing
Saeid Hadi Alijanvand1, Hamid Mobasheri2.
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OmpF ion channel porin is a water filled trimer found in the outer membrane of
Escherichia coli. The crystal structure of channel shows constriction zone with
a diameter of about 0.6 nm halfway down the nanopore barrel. In this study,
single molecule OmpF protein was reconstituted into artificial bilayer and
it’s channel activity was investigated by means of voltage clamp technique.
The results showed that the presence of polynucleotides caused different pat-
tern of ion current and gating in the channel at different potential differences
and polarities. It seams due to the effect of the applied pd on the amino acids
side chain in the channel lumen, the potential gradient and it’s direction play
vital role in producing unique signature for certain polynucleotides. The current
pattern could not directly be related to each strand by single factor analysis and
different approaches and variants should be applied simultaneously to distin-
guish polynucleotides from each other. Although we restricted our studies to
10 nucleotide strands, results indicate that it can well be applied to longer
ones. Furthermore, it was found that introduced polyT, polyG, polyC to the
cis side at micro molar range have more effect than lower ones. Further to
the investigation of polynucleotide effect with nano channel, we hope to use
the result of the current study to address gene trans-location into bacteria.Ligand-gated Channels II
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For GluA2, an ionotropic glutamate receptor that mediates excitatory synaptic
transmission at CNS synapses, the reported monomer-dimer Kd of the amino-
terminal domain (ATD) varies widely, ranging from 1.8 nM to 4 mM.1-3 To
investigate causes of discrepancies in the literature, several protein constructs,
diverse in glycosylation and overall size, were created and the dimer Kd ana-
lyzed by analytical ultracentrifugation with absorbance and interference optics
(AUC). Sedimentation velocity (SV) Kds varied from 2 to 11 nM, with size and
glycosylation having little effect. At the highest protein concentration exam-
ined (33 mM) we did not detect formation of tetramers or larger oligomer spe-
cies. Steady state fluorescence anisotropy titrations for DyLight405 labelled
